We have studied exchange coupled FePt/Fe magnetic layers using the technique of ferromagnetic resonance (FMR). The FePt layers show strong uniaxial perpendicular anisotropy, growing in the L1 0 epitaxial phase on MgO (100). We have considered the case for two thicknesses of Fe: 2 nm and 3.5 nm, which exhibit rigid magnet and exchange-spring behavior. All FePt thicknesses are limited to 10 nm. The FMR results display multipeaked spectra, where we have identified three Fe resonance lines in the RM sample and an extra two in the ES sample. Angular FMR studies show a strong uniaxial anisotropy induced in the Fe layer via the strong exchange coupling with the FePt film. An additional uniaxial component is also observed with an easy axis inclined by about 50 from the film normal. Supplementary magnetic measurements aid with the magnetic characterization. We also discuss the elements for the theory of FMR in these exchanged coupled systems.
I. INTRODUCTION
E XCHANGE spring magnets with perpendicular magnetic anisotropy represent new magnetic properties with respect to their constituent components. These systems typically consist of a hard magnetic layer and a soft magnetic layer, which are strongly coupled [1] . The modification of their bulk magnetic properties arises from this strong ferromagnetic exchange coupling, interfacial effects, and competing magnetic anisotropies of the two magnetic layers [2] , [3] . There is much technological interest in these materials due to their potential in magnetic devices and magnetic recording media.
We have studied the magnetic bilayer system which consists of an Fe (soft ferromagnet) film exchange coupled to an FePt (hard ferromagnet) layer which has its easy axis aligned along the direction perpendicular to the film plane. The entire structure has the general formula: MgO (substrate)/FePt/Fe/Ag, where the Ag overlayer acts as protection against oxidation. The epitaxy of the FePt layer was studied using x-ray and electron diffraction techniques. Layer morphology was further studied using atomic force microscopy; these studies reveal a granular morphology with grain sizes of the order of 40-50 nm. These results are reported elsewhere [4] .
We have made detailed angular measurements using the ferromagnetic resonance (FMR) technique at room temperature using a standard microwave spectrometer. This angular FMR study was performed in order to study the magnetic anisotropies as well as the exchange coupling between the magnetic layers and interfacial effects. In particular, we have chosen to study two samples with 2 nm and 3.5 nm of Fe, which effectively constitute the rigid magnet (RM) and exchange spring (ES) regimes, respectively. The occurrence of the specific magnetic regime (RM or ES) depends on the relative thickness and magnetic properties of the two coupled layers [5] , [7] . 
II. EXPERIMENTAL
FePt/Fe bilayers were prepared using RF sputtering. FePt was grown on MgO (100) at 390 (growth temperature was measured on the MgO surface) with nominal composition and 10-nm thickness. Fe layers with different thickness were deposited on FePt at room temperature and capped with an Ag layer. The bilayers considered in the present paper correspond to and 3.5 nm, hereafter called Fe2 and Fe3.5. X-ray diffraction (XRD) and selected area electron diffraction analyses have demonstrated that FePt grows in the phase with (001) epitaxy and ordering parameter of 0.76 [4] . Moreover, high-resolution XRD measurements of the FePt/Fe(3.5 nm) bilayer have shown that Fe grows (110) oriented on FePt.
FMR angular measurements were made (0-360 ), in the plane which includes the in-plane and out of film plane directions, to study the magnetic anisotropies and the exchange coupling mechanism. The measurements were made, at room temperature, in a Bruker EPR-E500 (electron paramagnetic resonance). The microwave frequency was fixed to around 9.5 GHz (X-Band) and spectra were taken by sweeping the magnetic field up to 5000 Oe. The samples were rotated through 360 on a sample support with intervals of 5 and 10 for the Fe3.5 and Fe2 samples, respectively. Room temperature hysteresis loops and recoil curves of the samples have been measured by an alternating gradient force magnetometer (AGFM).
III. RESULTS AND DISCUSSION
The perpendicular hysteresis loops of bilayers with 2 nm and 3.5 nm are reported in Fig. 1 . The bilayer with is characterized by a typical rigid magnet behavior, with a single critical field in the reversal process, high remanence and squareness. Increasing the Fe thickness to 3.5 nm, we observe no definite nucleation field even if a small reversible contribution is evident in the recoil curves (Fig. 2 ). This reversible portion corresponds to an exchange-spring contribution. The coercivity value decreases from to l1 to 7 kOe with increasing from 2 to 3. and ). The strong interaction between magnetic layers will mean that for very thin soft layers, the magnetizations will be aligned in the perpendicular direction, i.e., in the RM regime. For thicker Fe films, the competition between the induced anisotropy from the hard layer and the demagnetizing energy will create the 90 domain wall, which is defined as the exchange spring.
In Fig. 3(a) , we show an example of an FMR spectrum for the RM (Fe2) sample. Of the various resonances observed, only the three low field lines are due to the Fe layer (these are indicated as C, D, and E in the figure). It will be noted that the FePt does not have any FMR signature in the field range studied due to its very high magnetocrystalline anisotropy. The other resonance features evident in the spectrum ( 3000 Oe) arise from the MgO substrate and show no significant angular variations. As such, the only FMR signals observed in our samples will arise from the Fe layer. In Fig. 3(b) , we illustrate the angular variation of the resonance field of the three Fe resonance lines. Of these, two resonances display a uniaxial anisotropy with the easy axes aligned along the direction perpendicular to the film plane and will be directly related to the exchange coupling with the hard (FePt) layer. The third resonance, while also manifesting a uniaxial anisotropy, displays an easy axis direction which is canted by about 50 from the film normal. While the origin of this resonance is not entirely clear, we suspect it may arise from the interfacial region between the FePt and Fe layers.
In Fig. 4 , we show the corresponding FMR results for the ES (Fe3.5) sample. It will be noted that in addition to the resonances observed in the RM sample, there are a further two resonances, whose angular dependences are illustrated in Fig.  4(c) . These also display a uniaxial like behavior with easy axes close to the film normal. These additional resonances are much broader than the other FMR lines. Given the nature of the samples, we conclude that the additional two resonances in the Fe3.5 sample arise from the exchange-spring properties since in the rigid magnet (Fe2) sample these are absent.
In all spectra, the resonance lines were fit using a homemade program which allows multiple peak fitting of Lorentzian and Gaussian lines [6] . For each resonance (from each spectrum), we extract the following parameters: intensity , the peak-to-peak linewidth , and resonance field . All spectra were fit using these three variables for each resonance line in the spectrum, including those of the discarded substrate contributions. These contributions were necessary in the fits to allow us to reliably evaluate the Fe resonance lines. It will be noted that when the Fe lines strongly overlap with the substrate signal, we observe an artificial saturation of the resonance lines, which occurs at around 3000 Oe. In order to improve the reliability of the fitting procedure, we use an iterative process until a good fit is obtained. We note that in Figs. 1(a) and 2(a) , the final fit are the blue lines, the experimental data are black dots, and the individual lines are in red, orange, and yellow.
A model of FMR for these exchange coupled systems should be based on the magnetic free energy of the coupled layers which is required to interpret the angular dependences of the resonance fields. For this, we start by applying the model by Asti et al. [7] . The free energy of the coupled layers can be written as (1) This equation counts the domain wall energy (first term in integral), the Zeeman energy (second term), and the anisotropy energy (third term), where takes into account both the magnetocrystalline and shape anisotropies. We note that there is a negative sign, which shows that these two contributions will have easy axes which are mutually perpendicular.
is the exchange stiffness constant of the magnetic layers. The angles and define the polar and azimuthal angles of the applied magnetic field, while and are those corresponding to the magnetization. The subscript denotes the layer (i.e., corresponds to the FePt film while corresponds to the Fe layer). We can evaluate the resonance condition via the Smit-Beljers equation as follows: (2) We note that for our case, the FePt layer does not explicitly contribute to the spectra; hence, we can ignore its direct contribution and only consider its effect via the strong ferromagnetic coupling to the Fe layer. This means we will obtain an effective magnetic anisotropy in the Fe layer due to this coupling. As such, we only need to analyze the Fe layer resonance condition. The difficulty of applying (1) in (2), along with the appropriate equilibrium conditions, is that . This requires numerical methods for a rigorous solution. However, if we consider the simpler problem where we extract the Fe energy and consider the integral as giving the thickness contribution of the layer, , our problem is greatly simplified. This is a limiting approximation where effectively we suppress the effect of the domain wall contribution to the second and third terms of (1) and assume that only the first term will contribute. In this case, we obtain the resonance equation for the Fe layer as: We note that for our case, the FePt layer does not explicitly contribute to the spectra; hence, we can ignore its direct contribution and only consider its effect via the strong ferromagnetic coupling to the Fe layer. This means we will obtain an effective magnetic anisotropy in the Fe layer due to this coupling. As such, we only need to analyze the Fe layer resonance condition. Applying (1) in (2), along with the appropriate equilibrium conditions, we obtain the resonance equation for the Fe layer as (3) Here is the anisotropy field. This equation will adequately describe the observed uniaxial anisotropy of our data via the last term which contains both the magnetocrystalline and shape contributions. In effect, this would be sufficient; however, we should not ignore a priori, the possible effect of the domain wall energy. To make a proper analysis of this term, we require an explicit relation for the spin profile, , which will take the form of a 90 domain wall. This is a complex problem in itself and will follow the approach given by O'Handley [8] , though only using a numerical approach. A solution to the problem can be obtained using an analytical function which describes the domain wall profile or we could consider an approach based on micromagnetics. We intend to try both approaches and compare the results; this will be reported in a future publication. For the case of the RM sample, there will be no domain wall contribution and we can evaluate the effective magnetic anisotropy, which we obtain as , which is close to the value of for FePt [4] and probably arises from the induced anisotropy of the FePt layer in the Fe layer.
IV. CONCLUSION
We have studied perpendicular FePt/Fe bilayers with increasing Fe thickness (2-3.5 nm) where we pass from the rigid magnet to the exchange-spring regime. The deposition of the Fe layer produces a substantial decrease in the coercivity.
FMRs show two uniaxial components: one with easy-axis perpendicular to film plane as expected (A, B, C, D); a second easy-axis component (resonance E) is shifted with respect to the normal . The origin of this resonance is unclear but could be related to interface properties between the FePt/Fe layers. Work is underway to clarify this unexpected result. Theoretical modeling is in progress to provide a comprehensive model of FMR in ES systems. This should include free energy considerations for both layers (volume and surface anisotropies, shape anisotropy), interlayer exchange, and interfacial boundary conditions. ACKNOWLEDGMENT
